The fusion of the secondary palatal shelves to form the intact secondary palate is a key process in mammalian development and its disruption can lead to cleft secondary palate, a common congenital anomaly in humans. Secondary palate fusion has been extensively studied leading to several proposed cellular mechanisms that may mediate this process. However, these studies have been mostly performed on fixed embryonic tissues at progressive timepoints during development or in fixed explant cultures analyzed at static timepoints. Static analysis is limited for the analysis of dynamic morphogenetic processes such a palate fusion and what types of dynamic cellular behaviors mediate palatal fusion is incompletely understood. Here we describe a protocol for live imaging of ex vivo secondary palate fusion in mouse embryos. To examine cellular behaviors of palate fusion, epithelial-specific Keratin14-cre was used to label palate epithelial cells in ROSA26-mTmG flox reporter embryos. To visualize filamentous actin, Lifeact-mRFPruby reporter mice were used. Live imaging of secondary palate fusion was performed by dissecting recently-adhered secondary palatal shelves of embryonic day (E) 14.5 stage embryos and culturing in agarose-containing media on a glass bottom dish to enable imaging with an inverted confocal microscope. Using this method, we have detected a variety of novel cellular behaviors during secondary palate fusion. An appreciation of how distinct cell behaviors are coordinated in space and time greatly contributes to our understanding of this dynamic morphogenetic process. This protocol can be applied to mutant mouse lines, or cultures treated with pharmacological inhibitors to further advance understanding of how secondary palate fusion is controlled.
Introduction
Tissue fusion is an important step in the development of multiple organs. Major human birth defects such as cleft lip and palate, spina bifida and malformations of the heart can result from defects in tissue fusion 1 . Mouse secondary palate fusion has been extensively studied to identify the cellular and molecular mechanisms controlling tissue fusion in development 2, 3, 4 . In the mouse, secondary palate development starts at around E11.5 with the outgrowth of a secondary palatal shelf from each of the bilateral maxillary processes. Initial growth of the palatal shelves occurs vertically along the tongue, until approximately E14.0, at which time, the palatal shelves become elevated horizontally above the tongue. Medially-directed growth results in physical contact between the apposing epithelia of the two palatal shelves, forming the midline epithelial seam (MES) at E14.5. The intervening MES must be removed from between the secondary palatal shelves to allow mesenchymal confluence and the development of an intact, completely fused secondary palate by E15.5 3 .
How a shared epithelial MES cell layer is formed between two separate palatal shelves, and then removed to achieve mesenchymal confluency, has been a central question in palate development. Based on mouse histological and electron microscopy (EM) studies, explant culture studies, and functional mouse genetics experiments, several fundamental cell behaviors have been implicated in this process. Filopodia-like projections from the medial edge epithelium MEE of each palatal shelf facilitates initial contact 5, 6 , followed by intercalation of these epithelial cells to a shared single MES 6, 7 . Removal of the resulting shared MES has been proposed to proceed by three non-exclusive mechanisms. Early studies employing histological observation and ex vivo lineage tracing with vital dyes indicated that the MES might be removed by epithelial to mesenchymal transition (EMT) of MES cells 8, 9 , though more recently, genetic lineage tracing of epithelial cells has raised uncertainty as to the long-term contribution of epithelial cells to the palatal shelf mesenchyme 10, 11, 12 . Significant numbers of apoptotic cells, and a reduction in their number in some mutants that fail to undergo proper palate fusion has led to the idea that apoptosis may be a major driver of MES dissolution 2, 3 . Finally, based initially on studies involving epithelial labeling and static observation at progressive timepoints, MES cells were proposed to migrate in the oronasal and anteroposterior dimensions 11, 13 , but such dynamic cell behaviors were initially unconfirmed due to an inability to observe them in live palatal tissue. Recently, we were able to directly observe these behaviors by developing a new live imaging methodology that combines mouse genetic methods of fluorescent labeling with confocal live imaging of explanted palatal shelves.
First, to visualize dynamic cellular behaviors in palate epithelial cells during palate fusion, we generated an epithelial-specific reporter mouse by crossing ROSA26-mTmG flox mice with Keratin14-cre mice 14, 15 . Confocal live imaging of palate explant culture of the resulting embryos confirmed some previously proposed cellular behaviors and identified novel events in the fusion process 6 . Epithelial cell membrane protrusions preceded initial cell-cell contact followed by epithelial convergence by cell intercalation and oronasal cell displacement. Notably, we also discovered that cell extrusion, a process reported to play important roles in epithelial homeostasis, was a major mechanism driving mouse secondary palate 
Preparation of Live Imaging Media

Preparation of Palate Explant Culture for Live Imaging
1. Dissection of recently-adhered E14.5 secondary palatal shelves NOTE: In our experience imaging fusion requires starting with a slightly adhered pair of palatal shelves; this adherence prevents explant movements that prevent fusion from occurring during imaging. give better control to make precise cuts. 3. Remove mandible carefully without damaging palatal shelves as shown in Figure 1D and 1E. To reduce the chance of damaging palates, keep the tongue through dissection of the mandible, followed by careful removal of the tongue. 4. After removing the mandible and tongue, examine the oral side of the secondary palate with a stereomicroscope with fluorescence to confirm strong reporter signal in the MES ( Figure 1M ). 5. Dissect out posterior parts including hindbrain and brain stem after removing mandible and tongue ( Figure 1F ). 6. Remove both maxillae with adhered palatal shelves ( Figure 1G ). 7. Cut the anterior upper jaw tissue keeping both primary and secondary palate intact ( Figure 1H and I). 8. Remove nasal septum on nasal side of explant exposing the MES.
NOTE: These later steps of dissections need careful attention not to disrupt the contacts between two secondary palatal shelves. Removal of the nasal septum helps to reduce background signal from other areas and also reduce vertical tissue movement, allowing stable imaging ( Figure 1J -L). 9. After dissecting the palatal shelves, examine the midline reporter signal again to make sure that there is no damage to the epithelial layer between the tissues.
2. Setting up palate explants in culture dish with live imaging media 1. Put live imaging media into 35-mm glass bottom dish. 2. Put dissected palatal shelves oral side facing down as close to the glass bottom as possible for imaging with an inverted confocal microscope ( Figure 1N ). 3. Place dry ice pellets on a conductive surface nearby to the culture dish to expedite agarose solidification by decreasing temperature fast or put the culture dish at 4 °C. A cold plate, such as one used for paraffin embedding could also be used at this stage. NOTE: When dry ice is used, agarose media change needs to be monitored carefully to prevent freezing media.
Data Image Analysis
NOTE: Here, Imaris was used. Similar data analyses may also be performed with ImageJ or Volocity software packages.
Rendering 3-dimensional (3D) surfaces from image sequences.
NOTE: This section enables the generation of a surface from a movie generated with a membrane GFP signal. 1. Click Edit | Show Display Adjustment and use the histogram slider to adjust the signal intensity so that the membrane signal is clear throughout the length of the movie ( Figure 3A ).
Correct bleached signal by using Image Processing | Attenuation Correction. Adjust the Intensity Front and Intensity Back values so
that the membrane signal is clear throughout the length of the movie. Some trial and error might be required in setting these values. NOTE: The Intensity Back (Deeper Z position) value will be less than the Intensity Front (Surface Z position) value due to limited laser penetration. These values can therefore also be changed to normalize signal intensity in the Z series. Both values may be adjusted to achieve bleaching correction. Attenuation correction is also called Emission attenuation correction 19 . 3. In order to generate a surface from the membrane signal, select Surpass | Surfaces, choose a source channel and Threshold type (Absolute Intensity) and under the Algorithm Settings select Segment only a Region of Interest and Process of entire image finally, followed by clicking on the forward arrow; continue to push the forward arrow (use default settings, or specify Surface Area Detail Levels and Thresholding method by trial and error), checking whether the generated surface reflects the fluorescence signal. To specify a Region of Interest, select region and time(s) to be rendered by cropping X, Y, Z positions. NOTE: Select Process of entire image finally so that adjustments and thresholds will be applied across the entire movie. 4. Generate a surface by clicking the forward arrow button again. Then adjust the threshold by changing the histogram in Filters to correspond to the membrane signal. 5. After the surface is generated, choose surface in Surfaces/Settings to visualize the surface signal and finish the surface generation process by pushing the double forward arrow button ( Figure 3B ). 6. Go to Surface | Edit and click Mask all in the Mask Properties to generate a masked channel image. 7. After clicking ok, the Mask Channel window will automatically open; select the GFP channel, set voxels outside the surface to the maximum signal intensity value (found in Edit | Display adjustment) and voxels inside the surface to the minimum GFP intensity value (also found in Edit | Display adjustment), in Mask Settings to generate a mask of the membrane signal. 8. As the mask of the membrane signal will be shown in Volume view, generate inverted images by using Image Processing | Contrast Change | Invert ( Figure 3C ).
2. Detecting spots from inverted surface images. NOTE: This section allows the center of each cell to be marked with a unique spot and tracked over space and time.
Select Surpass Scene | Spots | Create; in Algorithm Settings choose Segment only a Region of Interest, Process of entire image finally and Track Spots (over time).
2. Click on the forward arrow and specify a Region of Interest; select the region and time(s) to track spots; continue to push the forward arrow, choose the masked channel as a source channel and determine estimated XY diameter of spots. 3. As clicking the forward arrow button will automatically open a filter window; adjust the spot detection threshold by changing values in the histogram to generate single spots at the center of each cell (Figure 3D ).
. Initial contacts between two epithelial cells are made by membrane protrusions (Figure 2B-2E) . When two epithelial layers meet, they form a multi-cell layered MES followed by intercalation to make an integrated single cell-layer MES through epithelial convergence (Figure 2A-2E and Figure 2K-2O) . Epithelial cells in deeper Z levels are also progressively displaced to the oral side of the MES contributing to the epithelial convergence process (Figure 2K) . Posterior-directed cell migration was observed in middle palate MES (Figure 2F-2J) . In addition, we found epithelial cell extrusion events during palate fusion suggesting that epithelial cells in the MES can be removed by this active process (Figure 2Q, 2T) . The integrated epithelial seam will ultimately break down to achieve mesenchymal confluency (Figure 2S, 2T) .
Lifeact-mRFPruby palate showed dynamic actin cytoskeletal rearrangements during palate fusion 6 . Filamentous actin became enriched at the border between epithelial and mesenchymal areas forming a cable-like structure along the anterior-posterior axis (Figure 2K-2T) . Actomyosin contractility drives epithelial convergence and MES breakage because chemical inhibition of either myosin activity or actin polymerization blocked these dynamic processes 6 .
Software was used to trace cellular behaviors during palate fusion. The best method for cell tracking depends on the reporter signal. If a nuclear reporter mouse is used, the program can trace the center of fluorescent signals as cellular centers 21 . Nuclear GFP reporter mouse such as ROSA26 GFP-NLS-lacZ (GNZ) 22 can therefore be used to label epithelial cells using tissue-specific Cre lines; in our hands, this specific nuclear reporter exhibited faster bleaching over the long time-course used in live imaging. Therefore, we utilized the membrane-GFP reporter (ROSA26-mTmG flox ) to follow epithelial cell movements in our studies. This required a method for identifying and tracing individual cells by a membrane signal. To solve this problem, we utilized a modified cell tracking method (Figure 3 and Protocol section 4). 
Discussion
Live imaging of tissue morphogenesis with 3D organ explant culture can provide detailed information regarding cellular processes that cannot be shown in conventional staining analysis of fixed tissue sections. Using in vitro explant culture of mouse embryonic secondary palate, we observed several interesting cellular behaviors leading us to propose a novel mechanism of palate fusion that involves epithelial convergence and cell extrusion.
One common challenge in studies of this type is photobleaching by continuous laser excitations over a long time-course. In our studies, a white light confocal and a spinning disk confocal microscope were used. Some decrease in signal intensity over time could be corrected by bleaching corrections in the imaging software (LAS-AF) (Protocol 4.1). Because bleaching correction is limited, it is important to carefully optimize laser power and exposure time in each imaging system. We also checked that palate fusion occurs normally in the live imaging media after 3 day culture 6 .
A second common issue in live imaging is tissue drift. It is critical to minimize drift to get consistent images during live imaging because changes in the focal plane can confound an understanding of morphogenetic changes over time. Whereas controlling thermal drift can be achieved in many confocal microscopes (Definite focus in the microscope), the drift of the tissue relative to the glass bottom cannot be corrected by these methods. Utilization of agarose, as well as placing the explant against the glass-bottom helps to minimize this, but care still must be taken only to analyze those movies that maintain a relatively constant position. This can be determined by following multiple control points in the imaging field across time to determine if they remain constant, move with a similar trend, or move differently. To an extent, using post-processing functions allow a correction of some tissue drift in live imaging (Protocol 4.2).
Low melting agarose was used at a final concentration of 0.6% in the live imaging media to immobilize the explant tissues. When we tested higher concentrations of agarose, they appeared to impair tissue morphogenesis possibly due to mechanical constraint. It is therefore important to use the correct agarose concentration to minimize tissue drift while not disturbing morphogenesis.
Due to confocal imaging depth, this method does pose limits in examining very deep Z planes of palate fusion. Using both the WHITE LIGHT and spinning disk confocal microscopes, signal from 100 µm depths could be imaged successfully though the image began to become dull and faint beyond this limit. Because palate fusion is a progressive process in the oronasal and anteroposterior axes, we propose that imaging multiple positions effectively allows imaging of different depths of palate fusion, but two-photon or light sheet confocal microscopy may be employed in the future to improve depth of imaging. In most of our experiments, the oral side of palate explants was imaged. Imaging of the nasal side of the palate explant is difficult because the nasal septum is fused or very close to the secondary palatal shelves. In our attempts to image fusion from the nasal side, it was also necessary to remove the extra nasal tissue so it did not interfere with the signal from the palate epithelium. Though possible, imaging the nasal side of the palate explant was difficult because dissection of the nasal septum often caused damage to the palate explants.
Live imaging of reporter mouse tissue explants is a powerful method to study cellular mechanisms of tissue morphogenesis during embryonic development. Using confocal microscopy techniques and quantitative imaging analysis, basic developmental processes such as secondary palate fusion can be investigated at the cellular level.
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